ABSTRACT The light-growth response of Phycomyces has been studied further with the sum-of-sinusoids method in the framework of the Wiener theory of nonlinear system identification. We have used the more precise sumof-sinusoids method to extend the interaction studies, including both the first-and second-order kernels. Specifically, we have investigated interactions of the madH ("hypertropic") gene product with the madC ("night blind") and madG ("stiff") gene products.
INTRODUCTION
The fungus Phycomyces shows numerous responses to blue light (Cerda-Olmedo and Lipson, 1987) . The lightgrowth response and phototropism of its sporangiophore, or fruiting body, are sensitive over a range of 10'0:1 in blue light intensity with an absolute threshold of 10-' W m-2. Analyses of behavioral mutants have revealed eight unlinked genes that affect the light responses of the sporangiophore (Cerda-Olmedo and Lipson, 1987) . The elongation rate of the sporangiophore varies transiently in response to changes in the light intensity. This lightgrowth response of the wild type and of "night-blind" and "stiff" mutants (see below) has been studied with classical stimuli (pulses, steps and sinusoids; by Foster and Lipson 1973) and with system identification and analysis methods (Marmarelis and Marmarelis, 1978; Victor and Shapley, 1980) employing Gaussian white noise stimuli (Lipson 1975a-c; Poe and Lipson, 1986; Poe et al., 1986a, b) , and sum-of-sinusoids stimuli (Pratap et al., 1986a, b; Palit et al., 1986) .
In these system analysis studies, the light-growth response has been treated as a black-box system with the logarithm of light intensity as input and the elongation rate as the output. The system is represented mathematiCorrespondence and reprint requests to E. D. Lipson. cally by a set of weighting functions called kernels. A nonlinear model was derived from the analysis of the firstand second-order frequency kernels for wild type . This model includes a nonlinear dynamic subsystem followed by a linear dynamic subsystem.
The white-noise method was used previously to probe the dynamic interactions among the products of seven games, madA to madG, and evaluate their organization in the sensory transduction pathway for the light-growth response (Poe et al., 1986b) . Mutants defective in genes madA to madC are termed night blind because they have much higher thresholds than the wild type (reduced sensitivity). Mutants affected in genes madD through madG are called stiff because the show weak bending (and growth modulation) responses. The madH mutants are "hypertropic," in that they exhibit enhanced bending responses (viz. phototropism, avoidance, and gravitropism).
Here, we have investigated double mutants (LopezDiaz and . The madH (H) and madC (C) genes were also shown by recombination analysis to be unlinked. However, C and H mutants do not complement. This result suggested an interaction between C and H gene products.
Instead of using the white-noise method to identify the system kernels (Poe et al., 1986b) , we have adopted the more precise sum-of-sinusoids method . In the earlier work, which involved only genes A through G, interactions were determined on the basis of just the first-order kernels. Here, both the first-and second-order kernels have been used so that both linear and nonlinear interactions could be tested.
MATERIALS AND METHODS
Strains, culture conditions, tracking machine, and light source
The strains are listed in Table 1 . Growth conditions were similar to those described previously Poe and Lipson, 1986) . Experiments were performed on the Phycomyces tracking machine (Foster and Lipson, 1973; Lipson 1975a 
Stimulus
The stimulus was a sum of 15 sinusoids of equal amplitude. The frequencies of the sinusoidal components were multiples of a fundamental frequency 3.66 x 1O-3 min-' (inverse of the analyzed experimental duration of 273.1 min). The set of 15 frequency multipliers was 17, 17, 33, 53, 71, 80, 92, 115, 147, 192, 249, 297, 338, 380, and 4731. The stimulus log-mean intensity Io (defined by log Io -(log I), where the angle brackets represent a time average) was 6 x 10-2 W m-2 at a wavelength of 477 nm. The data were analyzed as described by . The stimulus and the response were transformed to the frequency domain with a Fast Fourier Transform (FFT) algorithm (Stanley, 1975) . The first-and second-order frequency kernels, H1 and H2 were obtained according to the following relations 
where S (f ) and R (f ) are the Fourier transforms of the stimulus and response, and f, as well as fi and f2. represent any of the component frequencies of the sum-of-sinusoids stimulus.
The experimentally-derived kernels together with the Wiener series (Marmarelis and Marmarelis, 1978; Victor and Shapley, 1980) constitute a nonparametric external model of the system . To interpret the external model, an analytical model based on the structure of the kernels was developed ); this internal model, with adjustable parameters, was fit to the external model (i.e., the experimental kernels). The fits were carried out on the campus computer (IBM 4341) with nonlinear least-squares algorithms (Marquardt, 1963; Hamilton, 1964) in the computer language APL. The second-order internal model responses were calculated only for frequency pairs for which the combination frequency was <0.66 min-'.
This frequency was six times the system cutoff frequency for wild type (0.11 min-'), defined as the frequency where the magnitude of the response has fallen to 70.7% of the maximum value. This procedure gave a total of 96 model points to be fit to the corresponding experimental points. This restriction on the number of points in the fit was necessary because of limitations in the APL workspace size. The points omitted from the fitting procedure was essentially zero, within errors.
The model for the wild-type light-growth response ( Fig. 1) consists of a central linear subsystem composed of filters, preceded by a subsystem with a nonlinear feedforward path composed of linear dynamic elements and a static squarer . The linear subsystem consists of a cascade of two distinct second-order low-pass filters, a first-order high-pass filter, a gain factor, and a delay element (note: when we use
FIGURE 1 A generalized model with a dynamic second-order nonlinear subsystem towards the input. This configuration provides a good fit to the data for the wild type. Pi, P2, and Ware dynamic linear systems. S is a squarer. The first-order (linear) response is due just to W. The second-order (nonlinear) response is due to squarer S. PI and P2 make the nonlinear path itself dynamic. PI is a second-order low-pass filter and P2 is a high-pass filter (Eq. 4). W is a fifth-order linear system described by the analytical transfer function (Eq. 3) the term order in referring to filters, we mean dynamic order, as opposed to the kernel order, which is associated with linear or nonlinear behavior):
where s is the Laplace transform variable;~L iS the overall gain; t0 is the latency;f1 is the cutoff frequency of the high-pass filter;f2 andf are the cutoff frequencies of the low-pass filters; and a and a' are damping constants. The ordering of these linear elements is arbitrary.
The nonlinear subsystem includes a static squarer preceded by the sum of two linear filters (a low-pass filter PI and a high-pass filter P2;
Eq.4).
where bNl, fN,, and aNl are respectively the gain, the cutoff frequency and the damping constant of the low-pass filter and #,N2 fN2, aot and n are respectively the gain, the cutoff frequency, damping constant and the exponent of the high-pass filter.
RESULTS
Fig . 2 shows the magnitude (absolute value) of the first-order frequency kernels. The curves represent a nonlinear least-squares fit of the linear model (Eq. 3) to the complex-valued first-order kernels. For wild type and most of the mutants, the curves at low frequencies rise in direct proportion to the frequency like a first-order highpass filter; such behavior has been previously associated with adaptation (Lipson, 1975a) . At high frequencies, the kernels of wild type and most mutants fall off as f-4 in accordance with Eq. 3. For Li 5, the rolloff is more like sf-2osO that one of the second-order low pass filters in Eq.
3 was omitted (see below). Table 3 ). The experimental points are shown with error bars (standard error for 6-8 experiments). For comparison, the wild-type fit is repeated as a dashed curve above all the mutant kernels. .
The response variance (MSE for the zero-order model) is smallest for C288 (G); in other words, this strain shows the weakest light-growth response. This variance is largest for L83 (H), and varies by a factor of two among different hypertropic stains. The three single hypertropic mutants have the most nonlinear light-growth response; this substantial nonlinear behavior is reflected in the consistently large percentage improvements of the second-order model response over the first-order, and in the large strengths of nonlinearity.
The first-order frequency kernels of all strains except LI 5 (C) were fit well by Eq. 3. The first order kernel of LI 5 was fit instead by the following model which lacks one of the second-order low-pass filters Poe et al., 1986a; Palit et al., 1986 (Poe et al., 1986a , Palit et al., 1986 . However, in the double mutant L122 (CH), the natural frequency of the second low-pass filter is within the system bandwidth. The first-order high-pass filter in LI 5 (C) is shifted to lower frequency, below the resolution of the present set of experiments; this characteristic also appears in the double mutant LI 22 (CH). . In all other cases, where two distinct second-order low-pass filters were used, the convention is that LPF1 has a lower cutoff frequency than LPF2 (i.e.,f2 < f2).
tThe letters in parentheses are the abbreviated mad genotypes. Table 1 gives the complete genotypes. The parameters were obtained by nonlinear least-squares fits of the experimental second-order kernel to the nonlinear model (Fig. 1) . This model includes a dynamic nonlinear subsystem followed by a dynamic linear subsystem. The nonlinear subsystem includes a static squarer preceded by the sum of two linear filters (a low-pass filter and a high-pass filter; Eq. 4). For L83, L84, and L85, superior fits were obtained when the low-pass filter was left out. Therefore only the parameters of the high-pass filter in the nonlinear subsystem is shown. (Palit, 1987) . Let K, (f) and K2 (fi, f2) denote the first-and second-order frequency kernels of wild type. Similarly, let K,, K,, and Kh, and K2, K2, and Kh denote the corresponding kernels for the C, G, and H mutants. If, for example, the C and H gene products act in sequence (cascade) as independent (noninteracting) components in the sensory pathway, then:
KI,h(f) . K,(f) = KI(f) . K'(f) (6) K'2h (f,f2) . K2 (fl,f2) = K2 (fl,f2) K2 (fl,f2), (7) where Kth and K2h are the kernels of the CH double mutant.
To test the null hypothesis (i.e., no interaction), the following ratios of the complex-valued kernels were evaluated:
According to Eqs. 6 and 7, one would require Q, = 1 and Q2 = 1. However, because the overall magnitudes of the kernels depend to some extent on the average growth velocity of the sporangiophore, we have relaxed this condition slightly, and require only that Q1 and Q2 be real constants. Thus Q1 and Q2 should not depend significantly on frequency, nor should the phases of Q1 and Q2 differ significantly from zero. Table 5 shows the results of such tests of Eqs. 8 and 9 applied to the kernels for the double mutants, single mutants and wild type in each combination. Two criteria are applied to evaluate the least-square fits: (a) the goodness of fit according to the normalized chi-square, and (b) the requirement that Q1 and Q2 be real.
The stimulus used to probe the system was a sum of 15 sinusoids, so there are 15 first-order complex-valued frequency points. The second-order kernel points are obtained from the Fourier transforms of the response at the combination frequencies (sums and differences of the component frequencies). We therefore get 152 (equals 225) second-order kernel points from the experimental data.
Each of the complex-valued constants Q, or Q2 (Eqs. 8 and 9) includes two real numbers (real and imaginary parts). Therefore, the number of degrees of freedom Palit et al. Phycomyces Light-Growth Response
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Phycomyces Light-Growth Response The nonlinear least-squares fits of the external model response to the experimental response provided estimates of the parameters in the internal model (Tables 3 and 4) . The similarity between the first-order kernels of the GH double mutants and of the G single mutant is consistent with the finding that the H mutation affects only the nonlinear subsystem of the model (Palit et al., 1986) .
In the H mutants, the low-pass filter in the nonlinear subsystem seems to be absent. Furthermore, the C mutant behaves as if it lacks one of the second-order low-pass filters in the linear subsystem. It was hypothesized (Palit et al., 1986 ) that these filters are absent because their cutoff frequencies were shifted beyond the system bandwidth (i.e., in the C mutant, these steps proceed significantly faster than the rate-limiting step(s) of the entire system). However, in the GH double mutant, the low-pass filter of the nonlinear subsystem is present, but has a higher cutoff frequency than that of G mutant. Similarly in the linear subsystem, the low-pass filter cutoff frequency of the double mutant LI 22 (CH) We have analyzed the first-and second-order kernels in terms of the model (Fig. 1) introduced by Pratap et al. (1986a) . It includes a linear dynamic subsystem preceded by a nonlinear subsystem; the latter consists of linear dynamic elements (low-pass and high-pass filters) and a
Interaction tests
The lack of complementation between C and H mutations at high light intensity (10 W m-2) suggested that the C and H gene products interact under these conditions (Lopez-Diaz and . From our experiments, which were performed at a log-mean intensity Io of 6 x 10-2 W m-2, the double mutant L122 fails the cascade hypothesis. The gene products of C and H evidently interact at these lower intensities also (at least for the light-growth response).
We have tested two GH double mutants. LI 15 carries a dominant allele of H and LI 18 carries a recessive allele. The conclusions from both mutants are generally similar. Therefore, for the hypertropic strains tested, the results of the interaction tests do not appear to be allele specific.
The tests with the first-order kernel revealed no significant interaction between the products of genes G and H.
The phase of Q, is within 1.96 standard errors of zero, and the value of the normalized chi-square is <1.48 (the critical value for the first-order analysis, at the 5% significant level). When the second-order kernel was used to determine the dynamic interaction, we found that the phase of Q2 again does not differ significantly from zero, but the normalized chi-square exceeds 1.13 (critical value for second-order analysis). Therefore the null hypothesis that there is no interaction between gene products fails for the second-order analysis. Our results indicate that the G and H gene products interact in the nonlinear subsystem rather than in the linear subsystem. The results suggest that the G and H gene products are weakly coupled components of the sensory transduction complex. Such components would interact only when the system is driven with large stimuli, large enough to drive nonlinear responses.
The hypertropic mutants were isolated for their enhanced tropisms . From the altered photogravitropic action spectrum of a hypertropic mutant, it was concluded that the mutation affects not only the growth control output of the sensory transduction system for phototropism and light-growth response, but also the photoreceptor input (Galland and Lipson, 1985) . To explain how a single mutation could affect both the input and output of a system, it was assumed that there is an integrated sensory tranduction complex (instead of a sequential chain of transducers) that manages not only photoresponses but also other responses like gravitropism and avoidance (Palit et al., 1986) . Extensive interactions found between the input gene products (A, B, C) and the output gene products (D, E, F, and G) supported this hypothesis (Poe et al., 1986b) .
Our results provide further support. The night-blind (C) mutant is associated with the photoreceptor input of the photosensory transduction complex and most probably is a photoreceptor mutant (Galland and Lipson, 1985) . The stiff (G) mutant is associated with the growth control output of the sensory tranduction complex. From the results of the interaction analysis we find that the H gene product interacts with both the C and the G gene products. The results with double mutants carrying hypertropic mutations thus confirm and extend the previous findings that hypertropic mutations affect both the input and the output of the light-growth response system (Palit et al., 1986) . The results provide additional support for the existence of an integrated sensory transduction complex managing the light-growth response as well as other behavioral responses of the Phycomyces sporangiophore.
